Abstract: Ocean loading models, Baltic Sea loading and atmospheric loading tilt models are compared with the long interferometric water level tilt meter recordings at the Lohja2 geodynamics laboratory in southern Finland. The tilt meter shows a high response to different loading phenomena, and it can be used to study earth dynamics, earth structure modeling, and 2D surface mass loading model validation. Special attention is paid on the Baltic Sea and atmospheric loading tilt oscillations. The four ocean loading models used show deviating values compared to the measured earth tide tilt parameters. The CSR4.0 ocean loading model fits best to analyzed tidal tilt observations at the site. After reductions of earth tides, ocean, the Baltic Sea and atmospheric loading tilt, the largest residual tilt signals are located in frequency bands below 0.5 cycle/day.
Introduction
High precision tilt measurements offer a tool for determination of the loading effects caused by oceans, regional and local sea and lake mass variations, atmospheric mass variation and local hydrology (Jentzsch, 1997) . Oceans are globally the main surface mass loading sources, but they are more than 1000 km from the observation site Lohja2. In some tidal potential wave groups (e.g. M2 in the semid-*Corresponding Author: H. Ruotsalainen: Finnish Geospatial Research Institute , National Land Survey of Finland, Geodeetinrinne 2, 02430 Masala, Finland, E-mail: hannu.ruotsalainen@nls.fi M. Nordman, J. Virtanen, H. Virtanen: Finnish Geospatial Research Institute , National Land Survey of Finland, Geodeetinrinne 2, 02430 Masala, Finland iurnal tidal band) the ocean loading tilt signal may still exceed up to few tens of a percent of the earth tide tilt signal at Lohja2 (Kääriäinen and Ruotsalainen, 1989) . Lohja2 geodynamical station located about 30 km north of the coast of the Baltic Sea. The small tidal loading tilt signal of the Baltic Sea has not been separated well enough from the total non-tidal loading signal yet. It can be done, if tidal and non-tidal wave characteristics of the Baltic Sea are well determined.
Earth tides are a well-known phenomenon and for reerences see e.g. Melchior (1983) , Chojnicki (1989) and Agnew (2007) . Main disturbances in the determination of earth tide amplitudes and phases are caused by ocean and atmospheric loading. Ocean tide loading models can be combined with the Earth tide models and tilt observations as shown e.g. in Jentzsch (1997) , Kääriäinen and Ruotsalainen (1989) and Melchior (1983) . Ocean tide loading models can this way be verified with the earth tide observations. According to Zschau (1978) , the phase values of the earth tides observations are delayed by 0.01 -0.001 degrees from the tidal potential model. We can set the zero phase accordingly for the theoretical earth tide model phase values.
The Baltic Sea mass variation contains a rich spectrum of different oscillation phenomena. The wind-driven free oscillation patterns on the surface of the Baltic Sea are complicated by the shape of the gulfs and islands according to Witting (1911) , Lisitzin (1959) and Wübber and Krauss (1979) . This makes the Baltic Sea level tidal height modelling challenging, because some of the independent free oscillation wave phenomena (seiches) have frequencies in the tidal frequency bands, but have completely different phases. Accordingly, the Baltic Sea crustal loading has an influence on high precision geodetic measurements inland far from the coast line. Standard geodetic tidal loading models, which may include the Baltic Sea, cannot take into account free oscillation loading correctly in the same frequency band because of the randomly existing phase.
Our Baltic Sea mass variation modelling is based on the tide gauge data and surfaces created. The tide gauge data is obtained from the Finnish Meteorological Institute (Finnish data) and the Baltic Oceanographic Observation System (BOOS, http://boos.org, data from other countries around the Baltic Sea). The tide gauge data is given in the national annual mean sea level height systems. Sea level data contains different height system epoch based deviations (few centimeters) , but their influence on load models is small and cannot be observed. Glacial Isostatic Adjustment (GIA) of the Fennoscandian crust and Relative Sea Level (RSL) rise further complicates the exact determination of the loading phenomenon in Fennoscandia, but they need longer observation periods (few decades) to be detected in loading research.
The atmospheric loading tilt is already well-know from studies for over 100 years. Until the global atmospheric models became available, loading models were based on the mass distribution deduced from the atmospheric pressure field. Nowadays, global and regional meteorological services provide world-wide, continentwide as well as national atmosphere models based on both ground and satellite observations. There are also operational atmospheric loading services, see e.g., http://loading.u-strasbg.fr. Recent atmospheric and nontidal ocean loading time series for gravity and tilt is available e.g. by Boy et al. (2009) . They modelled ocean response to air pressure variation according to the inverted barometer principle and taking into account general ocean circulation. They also provide continental hydrology loading models. Gebauer et al. (2010) have studied the influence of topography around a station on atmospheric loading signal for four Central European stations of different topography. Based on the results in Gebauer et al. (2010) there is no need for special handling of atmospheric loading data due to the flat topography around the Lohja 2 station.
Geodynamic tilt measurements in southern Finland
Crustal tilt measurements by the Finnish Geodetic Institute started in 1967 at the Lohja1 geodynamic station in Ojamo mine, Lohja southern Finland and later in Lohja2 station Tytyri mine using Verbandert-Melchior horizontal pendulums (Kääriäinen and Ruotsalainen, 1979) . Long interferometric Michelson and Gale (1919) type water level tilt meter has been developed further since 1965 at the Finnish Geodetic Institute (Kukkamäki,1965) . The first version of a 177 meter long east-west water level tilt meter (EWWT) was designed and installed at the Lohja2 geodynamic station in 1974. The operating principle, tilt recordings and the first earth tide analysis results were published by Kääriäinen (1979) . A 62 meter long north-south water level tilt meter has been recording in the same mine since 1983 (Kääriäinen and Ruotsalainen 1989) . Earth tide tilts were reanalyzed and ocean loading tilt model comparisons were also carried out by Kääriäinen and Ruotsalainen (1989) . The very seldom observed resonance frequency of the Nearly Diurnal Free Wobble (NDFW) was observed the first time in the east-west water level tilt meter by the diminishing amplitude factors of diurnal wave groups ψ1 and φ1. Also, a preliminary comparison to nontidal tilt residuals to horizontal air pressure gradients were carried out with both instrument data. Both instruments operated up to 1996. Parallel recording with water level tilt meters in Lohja2 station and an Askania borehole tilt meter at the Metsähovi Geodetic Station, Kirkkonummi, was carried out in 1986 -1991. Lohja2 located about 20 km west from the Metsähovi station. Observed tidal amplitudes fit well together (mean deviations in amplitude 0.2 nanorad), but tidal phase values were more homogenous varying between 0 --5.6 degrees in water tube tilt meters in Lohja. In the bore hole tilt meter in Metsähovi, they were more heterogeneuous varying between -3.9 -7.2 degrees. Ground water pumping from the borehole well near the bore hole tilt meter (instrumental depth 62 m below the bedrock surface) at Metsähovi caused extra signal in tilt observations at Metsähovi. Atmospheric and local hydrological loading tilts at the Metsähovi station were preliminarily studied by Weise (1992) . Weise et al. (1999) determined the initial Baltic Sea loading estimation based on earth tide recordings at the Lohja and Metsähovi stations.
Modernized third generation interferometric fluid level tilt meter of the Finnish Geodetic Institute
The designing and building of automated and interferometric water level tilt meter started in 2000 at the Finnish Geodetic Institute by Ruotsalainen (2001) . Due to the automated fringe detection and improved resolution, it has been possible to detect different kinds of geodynamic signals. They are microseism, free oscillation of the earth body after big earthquakes, earth tides, and crustal sur-face mass loading of oceans, the Baltic Sea, atmosphere, regional and local hydrology. Figure 1. shows the northern end of the present setup of the construction of the northsouth oriented tilt meter (NSWT) at the Lohja2 station. The wavelength of the HeNe laser is Lv = 543 nm (in a vacuum) and in the air L air =Ln/n air =542.8 ±0.1 nm., where n air = 1.00028±0.00001 is the refraction coefficient of air. One level sensing unit is one interference phase P= L air /(2 ×nw) =542.8±0.1nm/(2×1.333±0.010)=204.6±1.0 nm, where the refraction coefficient of water is nw = 1.333±0.010. The level sensing 1.0±0.1 nm resolution from a recorded interferogram is a straightforward process by using C++ program for interference phase determination. Tilt resolution for 50.40±0.01 m long tube tiltmeter is then Tr = 2.0±0.2nm/50.40±0.01m =0.04±0.004 nanoradian. We get independently from the NSWT data after high frequency filtering by the earth tide analysis the least squares error estimate 30 -70 picoradians for amplitudes of observations of four separated wave groups. See table 1. Interference tilt recording (Fig. 2) is first preprocessed by correcting artificial (man-made) and natural (earthquakes) jumps. Data filtering is carried out by convolution using Vienna filter parameter files from the Global Geodynamic Project (http://www.eas.slu.edu/GGP/ggphome. html). Earth tide analysis is carried out by programs developed by Wenzel (1996) . The tidal potential development by Tamura (1987) and Wahr-Dehant-Zschau earth model (Wenzel, 1996) was used.
Ocean tide loading tilt models
We use D.C. Agnew's ocean loading program SPOTL (Agnew, 1997) and the ocean load provider of the Onsala Space Observatory (http://holt.oso.chalmers.se) for the Baltic Sea loading tilt and ocean loading tilt determinations, respectively. Four ocean tide models TPXO7.0 (Egbert and Erofeeva, 2002), CSR4.0 (Eanes, 1994), Schwiderski model (Schwiderski, 1980) , FES2004 (Lyard et al. 2006) were used. Green functions based Gutenberg-Bullen earth model is used according to Farrell (1972) with SPOTL program. There are small differences between predicted diurnal loading tilt values, which can be recognized in Table 1 and Fig. 3 . Differences between loading model amplitudes are smaller than nanoradian levels. We combine in complex plane four observed earth tide tilt wave groups vectors with ocean load model (correction) tilt vectors, and compare them to theoretical earth tide amplitudes with zero phase. Some combined models do not fit well with the tidal model tilt vectors. This may indicate that the ocean loading models are not sufficiently precise in the sub-nanoradian accuracy level for analyzed tidal tilt parameters.
There is still some uncertainty in observation results because of the missing small Baltic Sea tidal loading tilt (model/observation) and possible cavity effect influence on tilt at the site (Jentzsch, 1997) . Ocean loading models are indicated by colors: Schwiderski model (blue), TPXO7.0 (purple), CSR4.0 (cyan) and FES2004 (yellow) for tidal potential wave groups Q1, P1, O1, K1.
The observed vectors in the wave groups Q1 and O1 fit quite well to the ocean loading model values. The most deviating are the vectors in P1 and K1 wave groups by phase and amplitude. According to Melchior (1983) , and Goodkind (1983) the wave group O1 is not very disturbed by the Nearly Diurnal Free Wobble (NDFW), and it is therefore used for instrumental time lag estimation. Thereafter higher frequencies than O1 are disturbed up to the NDFW frequency. Phase deviation of the P1 and K1 wave group are most influenced, because they are located near the resonance frequency.
Loading by the Baltic Sea and atmospheric loading
The loading due to Baltic Sea mass variations is computed using a sea surface grid interpolated from hourly tide gauge data. The data are obtained from the Finnish Meteorological Institute (Finnish tide gauges) and from the Baltic Operational Oceanographic System (BOOS, http: //boos.org other tide gauges). The grid surfaces are created using minimum-curvature-surface splines over the whole basin. The obtained hourly Baltic Sea mass variations are then computed into loading variables by the SPOTL program (Agnew, 1997 (Agnew, , 2012 . The variables are the load potential, gravity, tilt (2-D), strain (3-D) and displacement (3-D). The loading time series can then be used for correction of various geodetic measurements, e.g., by precise Global Navigation Satellite System (GNSS), Very Large Baseline Interferometry (VLBI), tilt meters, and superconducting and absolute gravity meters. The Baltic Sea loading tilt is compared with NSWT tilt meter observations, which are de-tided first using the earth tide model described above. Note that the ocean tide loading models may also contain a (small) Baltic Sea tidal signal. The tilt meter residual contains the presence of the non-tidal seiche oscillations of the Baltic Sea, a phenomenon, which has some periods also in the tidal frequency bands. This complicates the modelling of the Baltic Sea tidal loading. The non-tidal tilt residual of the NSWT, (Fig. 4 and Fig. 5 ) contains a large 120 nanoradian tilt oscillation following the great magnitude 9.0 Tohoku-Oki earthquake in 11.3.2011 (Japan). The atmospheric loading tilt time series was provided by Boy et al. (2009) and it is compared also to de-tided tilt meter observations described above (Fig. 4) . There exist few daily southward (negative) tilt oscillations in the atmospheric loading model tilt, but not in the tilt meter's nontidal residual.
Combined atmospheric and the
Baltic Sea loading tilt vs. non-tidal earth tide tilt comparison and residual spectrum The 20 nanoradian downward shift exists from Feb. 3 to Feb. 18. The reason is unknown? On Jan. 29-30, Feb. 8, March 5, and March 10 the combined loading model has a large amplitude compared to the non-tidal tilt observation The real Baltic Sea surface can be curved in the middle of the sea in a different ways because of wind-driven and air pressure based surface stress compared with the adjusted minimum-curvature-surface spline surface based on tide gauge observations along the coast lines estimates. Combined the Baltic Sea and atmospheric loading tilt is less than a nanoradian in diurnal and semidiurnal bands and this confirms the well-known fact that in the Baltic Sea the tidal sea level amplitudes are only a few cm in the tidal frequency band. A completely other situation is the strong wind excitation when the Baltic Sea has several tens of cm amplitude eigenfrequency waves (seiches) (Witting, 1911 , Lisitzin, 1958 , Wübber and Krauss, 1979 , which causes several tens of nanoradians loading tilt oscillation located also in the tidal frequency bands.
Conclusions
The earth tide tilt parameters together with the theoretical earth model tilt were compared to four different ocean loading models. CSR4.0 from those ocean loading models explain deviation between observed tilt and earth tide model tilt in four diurnal tidal wave groups. Ocean loading model amplitudes differ only at sub-nanoradian levels in each harmonic wave group at Lohja2 station.
It is shown by spectral analysis, that the non-tidal tilt residual of the NSWT tilt meter record at Lohja after reduction by model tilt of the Baltic Sea loading and atmospheric loading can explain signal content above a frequency of 0.5 cycle/day , but not explain signals below that frequency.
Amplitude of the non-tidal tilt signals in the NSWT tilt meter at Lohja2 station reach the size of the earth tide tilt at Lohja. Therefore, loading phenomena are important and to be studied for high precision geodesy and geodynamics near sea and ocean coast lines.
